The continual miniaturization of microprocessors has resulted in increased RC delay and cross talk noise. To solve these problems ultralow nanoporous dielectric materials are required but have not developed yet. To develop ultralow dielectric materials with required mechanical and dielectrical properties for next generation semiconductors, it is essential to control the pore size in nm range and its morphology by preventing porogen aggregation. Thus we have used ozone treatment during thermal curing process of the nanoporous dielectrics in order to increase the reactivity between the matrix and reactive porogens and to possibly induced changes in Si bond structures.
INTRODUCTION
Low dielectric materials (low-k) have been used as interlayer dielectrics in Cu microprocessors over the years. However, the delayed development of ultralow dielectrics has forced to modify the ITRS roadmap for the dielectrics every year. The main problem with nanoporous ultralow dielectrics is due to their low mechanical properties by the introduction of pores into low-k materials. Therefore, it is very important to find ways to increase the mechanical properties without sacrifice of dielectrical properties.
In order to optimize both properties we use ozone during thermal curing of ultralow dielectrics. Since the ozone was quite effective to produce Si-OH groups from alkoxy or alkyl groups in the organosilicates, which will improve the compatibility between matrices and porogen (pore-generating material). The improved compatibility will help to uniformly distribute porogen in the organosilicate matrix, which will eventually control the size and morphology of pores. We studied the effect of treatment time and temperature on modulus and dielectric constant. We also studied the structural changes of Si-bonds by FTIR and Si-NMR.
EXPERIMENTAL
The prepolymer matrix was obtained by copolymerization of methyl trimethoxy silane (MTMS, 75 mol%) and bis(triethoxysilyl)ethane (BTESE, 25 mol%), which has dielectric constant of 2.9 and modulus of 12.46 GPa. A reactive porogen was trimethoxysilyl xylitol (TMSXT) which was obtained by allylation and hydrosilylation of xylitol. Each porogen and matrix were dissolved in 1-methoxy-2-propanol acetate (PMA) solvent in weight fraction 25 : 75. The solutions were filtered through 0.2 μm syringe membrane filter and were spin-coated at 2500 rpm for 30 sec onto Si (100) wafers. The dielectric films were cured by 430 ℃ in heating and cooling rate of 3 ℃/min under N 2 flow. Ozone was applied at specific temperatures during thermal curing up to 430 ℃. The temperature was set at110 ℃, 150 ℃, 250 ℃, 430 ℃ and time was also set at 1 min, 2 min, 10 min to study the effect of ozone treatment. Dielectric constant (k) of nanoporous films were obtained by capacitance-voltage (C-V) measurements at 1 MHz. Mechanical properties (elastic modulus) were measured by using a nanoindenter. FT-IR and 29 Si-NMR were employed to confirm the changes in silicon bonding structures upon ozone treatment. Fig. 1 shows FTIR spectra of the matrices which was ozone-treated at each temperature during thermal curing. The ozone treatment condition was for 10 min at flow rate of 5 liter/min. When they were treated over 250 ℃, small amount of hydroxyl peak (3700 ~ 3200 cm -1 ) and large Si-OH peaks appeared whereas Si-CH 3 peak decreased. In addition, the characteristic peak of Si-O-Si moved gradually to high wave number because network structure increased with reduction in suboxide structures. Therefore, ozone treatment over 250 ℃ was effective enough so that the nanoporous dielectrics were converted into SiO 2 like structures. To find out how ozone treatment affected Si-bond structures, we irradiated the samples below 250 ℃ where Si-CH 3 group (2980 cm -1 ) was not affected. Spin coated matrices were cured at 150 ℃ along with ozone treatment at each temperature. Figure 2 shows the decrease in -CH (2955 ~ 2925 cm -1 ) indicating the existence of Si-OCH 3 , Si-OH (955 ~ 830 cm -1 ) and SiOEt (750 ~ 650 cm -1 ). It suggests that alkoxy silane groups (Si-OR) converted to Si-OH by ozone treatment which formed Si-O-Si structure. This conversion was more pronounced at high temperature of ozone treatment (150 ℃). This result also supported by the movement of Si-O-Si peak to network structure (1063 cm -1 Figure 3) . It is very important to keep -CH 3 group in organosilicate matrices because it helps to reduce dielectric permittivity. Si-NMR spectra of the matrix as a function of ozone treatment temperature.
DISCUSSION
Since ozone was applied below 150 o C, it did not affect Si-CH 3 groups, we applied ozone at 110 o C for 0, 1 and 10 min. Figure 4 shows elastic modulus and dielectric constant of the nanoporous ultralow dielectrics as a function of porogen loading. As explained previously, the longer treatment would generate more Si-OH groups which enhanced the compatibility between the matrix and the reactive porogen, along with Si-O-Si network structures of ultralow dielectrics. Thus, the mechanical properties increased with longer treatment time, which reached 14.20 GPa at porogen loading of 60 vol%. However, the more Si-OH also resulted in higher dielectric constant upon completion of sol-gel reaction. When the sample was treated for 1 min, the modulus of ultralow dielectric materials was 11.25 GPa at the progen loading of 60 vol% with a little sacrifice dielectrical property (k = 2.3). This result indicates that we can optimize both properties by adjusting the conditions of ozone treatment. 
CONCLUSIONS
To optimize the mechanical and dielectrical properties we applied ozone during thermal curing process of nanoporous ultralow dielectrics. We studied the effect of treatment time and temperature on both properties and also studied the structural changes in Si bonds by FTIR and Si-NMR. According to the FT-IR, the ozone-treatment transformed alkoxy silane groups into silanol groups, which improved mechanical properties with slightly increased dielectric constant.
When sample was irradiated below 250 ℃, ozone did not induce any breakage of Si-CH 3 groups of the matrix, which was confirmed by Si-NMR. The presence of Si-CH 3 groups was very important in the reduction of dielectric constant. .
Elastic modulus increased with ozone treatment time at the corresponding porogen loading and reached 11.25 GPa at 60 vol% loading. Dielectric constant also increased with time.
When ozone was applied for 1 min, we could obtained nanoporous films with modulus of 11.25 GPa along with a little sacrifice of dielectric constant. Therefore, it is very important to control the conditions of ozone treatment in order to optimize mechanical and dielectric properties for the development of the next generation semiconductors.
